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ABSTRACT

_ Baschek and Oke (1965) have shown that, after deblanketing corrections
are made, the Am stars in the Hyades cluste; lie to the left of the main
sequence in the color magnitude diagram; wé find that the Am stars in the.
Coma and Praesepe clusters behave similarly. This is iﬁterpreted as being
due to the low intrinsic rotation of .the metallic line stars and is shown
to be consistent with recent theoretical work (Roxburgh and Strittmatter
1966a,b) which iﬁdicates that, at a given color, more rapidly rotating stars
will appear more luminous. A method is suggested for determining a "zero
rotation" main sequence and hence for estimating the intrinsic rotationai

velocity and aspect of individual stars in clusters.




I. Introduction

Recéntly, Baschek and Oke (1965) have shown that, after their B-V
colors have been corrected for excess line blanketing, the Am stars in
the Hyades lie to the left of the main~seqnenée in the color-magnitude
" diagram. This observation.is of considersble interest becauée Abt (1961)
has advanced powerful arguments to show that the Am stars are intrinsically
slow rotators. According to recent theoretical work by Roxburgh and Stritt-
- matter (l966a,b),‘slow1y rotating stars should lie to the left of the main
- séquence defined byvnormal, rapidly rotating, A-stars and Baschek and Oke's
discovery offers an opportunity to check quantitatively the predictions of
| the theory.

It is obviously important to inquire whether the Am stars in other
clusters behave similarly to those in the Hyades. Using information alreadyf
in the literatufe, we have been able to show that Baschek and Oke'slresult
is also true of the Am stars in Praesepe and in the Coma Cluster. Before
demonstrating thils, we first consider Baschek and Oke's deblanketing pro-
cedure and show how their results can be used to obtain the "deblanketed"
colors of Am stars from their measured B~V and U-B.

It is well known that, as is.iilustrated in Figure‘l, the Am stars lie
below the normal, main sequence line in the two-color diagram. Several
4 that this is due to the increased line-bplanketing
caused by the abnormal number and strength of the metallic-lines rather than
' to differences in luminosity or atmospheric structure\betweenfthe Am stars

and normel, main sequence stars. Baschek and Oke determined ee and log g

£t
for several normal and Am stars by comparing their continuous energy distri-

butions and Balwmer-line profiles with thosé calculated from model atmospheres.
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The continuum scans were, in all cases, corrected for the preseance of
metallic lines by using high-dispersion spectra. They found that the Am
stars have siﬁilar values of log g to normal main sequences stars. How-
ever, in a plot of eeff against B-V similar to Figure 2, the metallic-
line stars fell systematicaily off the line defined by normal stars. This
mist be attributed to the effect of excess line blanketing on toe observed
values of B-V. Baschek and Oke used a diagram similar to Figure 2 to.read
off the corrected value of B-V, (B-V)c, which a metallic line star would
have if it were a normal star having the same O pp - In turn (B—V)c was
read into the normal curve in the two-color diagraﬁ to obtainv(U-B)c . This
was done by Baschek and Oke for two of their Am stars, T UMa and 63 Tau,
both of which lie significantly to the right of the normal relation in
Figure 2. They found that the "deblanketing vectors" for these two stars
were approximately parallel (see Figgre 1) and hence assumed that the same
vector could be used to deblanket all Am stars. They were thus able to
obtain corrscted colors fér several Am stars in the Hyades (including 63 Tau
itself) from the UBV photometry of Johnson and Knuckles (1955). The result
qpofed earlier, nawely that the Am stars lie to the left of the Hyades main
sequence, taen followed.

Baschek and Oke's result depends on whether or not the deblanketing
vectors of all Am stars are indeed parallel. It i1s possible to test whether

+tnis is so because Conti (1965) has derived values of O pp Tor five addi-

T

tional Hyades Am stars. Conti obtained his estimates of ee from a rela-

T
tionship between (B—I)6 in the six-color system and the values of eef”'

&4

obtained by Melbourne (1960). The band B on the six-color system is not the

saxe as the band B in the UBV system; the index (B-I)6 is much less sensi-

tive to line blanketing than B-V. TFortunately, the relationship between eeff
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znd B-V obtained from Melbourne's data is alwost identical to that given by
Baschek and Oke for the range of eeff under consideration. Hence the values

of 6_,, &iven by Conti can be used to obtain (B—V)c for his five Am stars
from Baschek and Oke's relationship which has ‘been plotted in Figure 2. The

deblanketing vectdrs thus obtained, together with those for 63 Tau and T UMa

are shown in Figure 1.

There is clearly a considerable scatter in the directions of the vectors
in Figure 1. In view of the paucity of data, this was attributed to random
errors in the determinations of eeff and a ﬁeén slope «o , illustrated in
Figure 1, was calculated from the relation

) }: I(B—V) - (B-v)c]
) e - (u-), |

&

In the following section we apply the mean deblanketing vector to calculate
(B—V)c for Am stars in the Hyades, in Praesepe and in the Coma Cluster; we
then obtain the corrected positions for these stars in the color-magnitude

diagranm of their respective cluster.

II. Metallic-line Stars in Clusters

(a) The Hyades
Tre mean deblanketiné vector was used to obtain the corrected B~V
colors of the Hyades stars listed in Table 1. The numbers designating the
star in colurn two are those of van Beuren (1952). The values of v sini in
the last column are due to Conti (1965) with the exception of that for 68 Tau
which is taken from Treanor (1960). The absolute magnitudes of the Am stars
in Taeble 1 and of the normal stars in Figure 3 were obtained by cowmbining

Johnson and Xnuckle's (1955) UBV photometry with the distance moduli given by
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Heckman and Johnson (1956). Two stars in Table 1, HR1519 and 16 Ori,were
not included in Heckman and J‘ohnson's list; for them we adopted moduli cal-
culated from van Beuren's distance determinations.-

A color-magnitude diagram for the Hyades upper main sequence is shown
in Figure 3. In this diagram all stars (e.g. HR1403) which are known to be
double~line spectroscopic ‘binaries have been omitted. The diagram shows
that when thei: colors have been corrected for blanketing, the Am stars lie
along the. ldwer edge of the main sequence close to the zero age main sequencer
(Sandage 1957), which is "chek solid line in Figure 3. This is the result
obtained by Baschek and Oke and we shall discuss its implications later. We’
note, however, that had we derived individual values of (B-V)c for the

stars in Table 1 from Conti's values of 'ee instead of using the mean

f
deblanketing vector, the positions of the Am stars in Figure 3 would have

-been changed slightly; however, the qualitative result would be unaltered.

(b) The Coma Cluster

Weaver (1952) lists eight Am stars in the Coma Cluster. One of
these, Trumpler 104, is a double-lined spectroscopic binary and has been
omitted from Table 2. This table gives for each of Athe remaining seven
stars the values of V, B-V and U-B measured by Johnson and Knuckles (1955),
and the values of v sini obtained by Kraft (1965). The positions of the
seven Coma Am stars in the two-color diagruw are showa in Figure 4. Johmson
and Knuckles found that the F-type stars in Coma have a slight ultraviolet
excess relativé to those in the Hyades. We have therefore corrected the Coma
An stars, not to the normal line in Figure 4, but to one displaced from it by
6(U~-B) = 0.035 and &(B~V) = 0.02. TFigure 4 shows in any case that, judged

from their pésitions in the two-color diagram, the Am stars in Coma (with the
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. exception of Trumpler 62) do not have such large line-blanketing effects
a5 those in the Hyades. It ﬁay be noted that the standoff from the normal
‘line in Figure 4 is correlated with ﬁhe v sini's glven in column eight of
Table 2. Columns five and six of Table 2 1list the values of (B-V)  and
(u-B), obtained by applying the mean deblanketing vector. Figure 5 gives
the corrected positions of the Coma Am stars in the color-magnitude dia;gram.
We see that like the Hyades, the Coma Am stars fall systematically to the '
left of the main sequence - the solid line »in Figure 5. There are two Ap .
stars plotted in Figure 5, Trumpler 146 (17 Comae) and Trumpler 160 (21 Comae)
which have values of v sini of 15 and 55 km/sec respectively. This may also
be taken as evidence that slowly rotating stars fall to the left of the main
seqQuence; this point will be referred to again in the final section.

The Coma cluster has a distance of about 80 pc and a diameter of about
T pc; this will introduce some scatter into Figure 5 since, unlike the Hyades,
no corrections have been applied to individual stars to allow for their
spread in distance. However, uniess the Am stars are systematically placed
towards the far side of Coma, this will not alter the conclusion that the

Am stars fall to the left of the main sequence. _

(¢) Praesepe
According to Bidelmsn (1956) Praesepe contains nine Am stars. Two

of these, numbers 229 and 300 in Klein Wassink's {1927} list, are double-
lined spectroscopic binaries and have not been treated in what follows. Two
other sté.rs KWliO and Kw538 were not included in Johmson's (1952) UBV photo-
metry of the cluster. The remaining five stars have been plotted in the
two-color diagram (Figure 4) and their corrected colors, visual magnitudes

and v sini's (the latter due to Treanor 1960) are listed in Table 3. The
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color-maznitude array of Praesepe is given in Figure 6. Once again the Am

/7]

oax

0

lie to the left of the main sequence when their colors have been
corrected for excess blanketing. In Praesepe severai of the Am stars lie
above the turn-off point as defined by the normal siars and the stsibility
that the moreAluminous ones are evolved cannot be excluded; we shall return

to this point later.

ITT. The Effects of Rotation

In the previous sectionvit was shown that, once blanketing correétions
have been made, the metallic line stars in three clusters lie below the main
sequence as defined by the normal cluster members. Abt (1961) has Gemonstrated .
that the Anm stars are probably all members of close binary systems and has

2 2

»rocuced evidence which indicates that the observed rotational velocities are

correlated with the orbital periods. t may therefore be assumed that the
orbital and rotation axes tend to be aligned. Since the metallic line stars
have generally low values of v sini, even when they are members of binary
systems in which the orbital plane i1s inclined at a small angle tTo tae lige
of sight, it is clear that these stars are.intrin;ically slow rotators. We
now ask whether the position of the Am stars in the color magnitude diagrams
is due to their low angular momentum.

At first sight this seems an unlikely hypothesis since it is a well

f.

. 'Y Y - i S omen ) oA o ~ !
Xzowa theorelvical result that rotation should decrease the total luxming

of a star. However, rotation also decreases a star's effective temperature.'
Its position in the color magnitude diagram will thus depend on the relative
éhange in these parameters. Sweet and Roy (1953) and Roxburgh, Griffiths,
andeweet (1965) have considered the structure of uniformly rotating upper
rein sequence stars and Roxburgh and Strittmatter (1966c) subsecuently

eveluated the observational parameters Mv and B-V for these models as functions
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of angular momentum. Roxburgh and Strittmatier {(1966a,b) have also dis-
cussed the strucvure of non-uniformly rotating stars in which there is no

. meridional circuletion; these stars are necessarily magnetic. In all cases
it was found that rotating stars viewed pole-on appear brightergand those
viewed equator on less brightgthan non-rotating sjars of the samne mass.
From any anglé, a rotating star will appear redder than its hon—rotating
counter-part. However, a rotating star of a givean color will appear
brizhter thal g non-rotating star of the same color but, of course, of
different mass. Indeed the degree of brightening at a given color turzs .

out to depend almost erntirely on intrinsic rotational veloclty and hardly

m

t 211 on the mass or aspect of the star. That is, the main secuences for
stars rotating with a givea velocily are aimost coincident arnd are approxi-
wmately parallel to the zero rotation main sequence; The situetion is illus-
trated schematically in Figure T. The_shift AM% from the zero rotation main

sequence is given in terms of the rotational velocity Vv Dby aa expression

M=o (1)

WRST # s a constant depending on- the model (c.f. Roxburgh and Stritt-
metter 1956b). Theoretical estimates for » derived from the various models
cre listed in Table 4. For non-uniformly rotating stars we give two values

= -

0f # ; the Ffirst is for slow rotators in which the magnetic forces are negli-
givle, the second, for stars in more rapid rotation, in which the zmagnetie ‘
end centrifugal forces are comparable.‘ Thus, # is a slowly varying function
of v but, since the total range of varlation is small, the expression (1)

will be leit ia its present form. The transition velocity betwesen the Two

ceses Ceperds on the mass of the star; detalls are given by Roxburgh and
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Clearly the avove dlscussion provides a logical connectlon bDetween the
low intrinsic rotation of the metallic line stars and their position in the
color magnitude diagram. Since apparent rotational velocities and luninosities
are known for both the Am and the brighter normal stars in the three clusters
discussed earlier, it is possible 1o derive an empirical estimate of «» . We
will return to this point but will consider first an independent observationzsl
test of the Theory which zvoids use of The Am stars.

In a study of the normal main sequence stars in Praesepe, Strittmatter
(1965) has shown that, if the stars are divided into groups according to color,

then, within any group, the stars with above average v sini tend also to be

‘brighter. Values of V - {( V ) were plotted against (v sini)2 - { (v sini)2 PR

. ) . . s . S
where ( ) denotes an average over any color group; & straight line, slope #
was fitted to the data. If it is assumed that within any group, the rotation

axes are rardomly oriented, we -have (Chanqrasekhar and Minch 1950)
L\ N 2
(v sini)” ) 2/3 (v ) (2)

Since we expect a relation of the form (1) to exist between AMY_ and e , a
s
similar meen relation should exist between AMV and (v sini)2 ;3 the quantity
n’ provides an estimate of the gradient in this relavion, and hence, from
equation (2), an estimate of » . This latter quantity is listed in Tedle L,
a2d 1s subject to an internal error of about 15 - 20 percent. TIrom the values
of ( (v sini)2 ) and the derived estimate of #/ , the mean shift in magni- =~
tude was obtalned for each group, and hence, from the knowan values oIl (v,
the approximate magnitude of a non-rotating star at each group color. Thals
zave an estiate of the zero rotation main sequence for Praesepe, the dashed
lize in Figure 6. By fitting a line of the same gradient To the sequence

defined by tae slowly rotating stars of later spectral type (that is, B-V >

-10- ' : :




0.45) in the Hyades and Coma clusters, approximate zero rotation main
sequences were obtained for these clus'ters also. These are the dashed
~lines in Figures 3 and 5, respectively. We note that in both cases the
Am stars lie along the estimated zero rotation seqQuence and show little
‘ scatter about it. .The Am stars in ?raesepe show more scatter bu‘c,since
~wost of them are to the left of the turn off point as defined by the normal
stars, this may be attributed to evolutionary effects. For this reason Am
: s*?;ars in Praesepe are of little use in providing an estimate of An 0

-Thé Am stars in the Hyades and Coma clusters may, however, be _ﬁsed to
esvimate # . We consider the Hyades first. With the exception of 68 Tau,
the Am stars lie in a relatively small interval of B-V. We therefore com;-
pute the average value of ¥, and (v sini)a for both the Am and the normal
stars in this interval. If we assume that rotation axes are randomly orien- '
tated, relation (2) enables us to obtain the average v? in each category; an

estimate of - »  is then given by

<Mv >normal - X, >m1,

xo= 5 5 . (3)
(v )norma.l - -(v -~

Alternatively, we may consider a wider i'a.nge of colors and measure the shifts

. AMv of individual stars from the estimated zero-rotation main'sequence. - The
value of " # may thén be determined by substitgting AMv for Mv in equation
(3); this method increases the number of stars in the sample. The rt;sults frow:
the two determinations of # are closely similar and their mean is given in
Table 4. The rotationa.l velocities used are those given by K;-aft (1965); the
star VBl4l is not included in Kraft's list and therefore could not be con-

" sidered in these estimates. The star VBT2 was ‘a.lso' excluded since it appears

to be evolved.




The metallic line stars in the Coma cluster occur in a region of the
color magnitude diagram in which there are few normal stars. We thereifore
measured shifts AMv from the estimated zero rotation main séquence for
 stars bluer than B~V = 0.41, thereby increasing thé number of normal stars

in the sa.mplé. The rotational velocities used are aga.inv due to Kmft (1965).
The stars 107, '125 and 130 in Trumpler's (1930) list were omitted from the
ca.lculaﬁion as they wmay be evolved. An estlmate of % was obtained as before:
and is listed in Table 4. It is, however, of doubtful significance owing to‘
 the paucity of the sample of normal stars.

The data assembled in Table U4 indicates that the models of non-uniformly
rotating stars give results for # which 'a..re in fairly close agreement with ’
those obtained from observations. Though the scatter in the values of %
derived from cluster color-magnitude diagrams is cohsidera.ble (about 40 percent)

" the difference between these estimates and that predicted. from 'models of uni~
formly rotating stars is significantly large. Although more detailed stellar
~wodels, including accuraile opacity end nuclear generstion data, are necessary,
it is extremely unlikely that more precise calculations will alter the predicted

"value of - # sufficiently to affect this basic conclusion.

- IV, Summary and Discussion

. We summarize our main findings as. follows:

(1) After deblanketing correcfiops are made, the metallic liue stars 'in
the Hyades, Praesepe and the Coma cluster lie to the left of the main sequence )
band defined by the normal stars. This 1s taken to be an intrinsic property
| of the Am stars. |
| (2) The position of the Am stars in the color magnitude diagram is due

- to their low angular momentum compared with stars of similar mass.. This cir-




cunstance enables us to determine empirically the approximate position of
the zero rotation main sequence for clusters in which Am stars are found.

(3) Observational evidence for the effects of rotation are in rough

quantitative agreement with estimates obtained from models of non-uniformly
rotating stars. |

Since the peculiar A stars are thought to be slow rotators (Deutsch
1965, Searle and Sargent 1965) we would also expect these stars to lie to '
the left of the main sequence when they are found in clusters. Results
given by Baschek and Oke (1965) for the two stars B Cr B and 52 Her
indicate that the deblanketing procedure for the Ap stars is more complicated .
than that for the Am stars and must be done separately for each star. How-
ever deblanketing effects decrease with increasing temperature and we may
expect the hotter stars to have normal colors. Eggen (1963) has shown that
the Am and Ap stars in the 'Hyades moving group lie in a band in Athe color
magnitude diasgram which intersects and lies generally above the sequence for
normal stars. We suggest that, if blanketing effects are taken into account,
this band will swing about its high magnitude end until it lies along the
lower edge of the main sequence. This would be a direct consequence of the
low angular momentum of the Ap and Am stars. In this connection we note that
the Ap star 17 Comae lies close to the normal line in the two color diagram
(Figure 4) and is therefore probsbly unblanketed; it also lies close to the
zero rotation main sequeﬁce for the Coma cluster (Figure 5) and has the low .-
observed rotational velocity v .sini of 15 km/ sec. The Ap stars may thus pro-
vide a means of extending to bluer colors the empirical zero-rotation main
sequence derived from the Am stars. . ’

Both 17 Comae and 68 Tauri are eiamples of 'blue stragglers', that is

of blue stars on the main sequence above the turnoff point defined by the
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normal stars. A possible explamation is that these 'plue stragglers' are
slow rotators,_énd that the other stars of similar mass have been sﬁifted
to the red because of their rotation. Such an explanation is compatiblé
with the observations for the Hyades and the Coma cluster. It would, how-
ever, imply that the age determinations based on the cluster turnoff point
need revision. Since s non-rotating star has a shorter lifetime on the
main seqQuence than & totating star of the same mass, the blue stragglers
provide an upper bound to the age of the cluster, provided of course that
all the cluster members were formed at essentially the same epoch. _It is
also possible that the empirical détermination of the zero age.maiﬁ seguence
* (Sandage 1957) will require correction for the effects of rotation.

A method for differentiating observﬁtionéliy between slowly rotating
stars and rapid rotators seen pole-on has been suggested elsewhere (Roxburgh,
Sargent, and Strittmatter 1966). It is applicable principally to stars in
clusters and depends on AMV , the shift in magnitude at a given color from

the zero-rotation main sequence. The intrinsic rotational velocity of the
j stér may then be obtained from.equation (1). Our work has shown that the Aﬁ
stars provide a good estimate of the zero-ro£ationAmain sequence, the deter-
mihation of which is essential to the method. By combining results for several
clusters in which Am stars are found, it should be possible to derive an

empirieal zero-rotation, zero-age main sequence.

This work arose out of discussions at the AAS-NASA Symposium on Magnefic
and other Peculiar and Metallic Line Stars held at the Goddard Space Flight
Center, Greembelt, Maryland on 8-10 November 1965. The work was supported by
the National Science Foundation. One of us (P.A.S.) is indebted to the |
Commonweaith Fund, New York for the award of a Harkness Fellowship. This work

has also been supported in part by_NASA through Grant NsG-35T.
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Star

VB No.

Metallic-line Stars in the Hyades

TABLE 1

B-V

<

(3-v),

ot U-B | (u-B), | M, vsini
60 Tau 38 0.685 0.320 0.102 | 0.312 0.016 2.83 15
63 Tau 45 0.64 0.296 0.135 0.225" 0.06% 2.50 - <10
68 Tau 56 0.5k 0.050 | 0.060 | 0.030 | 0.035 | 1.28 <30
81 Tau 83 0.620 0.259 0.097 0.185 0.075 2.37 15 .
HR 1519 | 112 | 0.57& 0.187 0.125 | 0.097 0.076 1.93 <0
16 ori | 130 0.616 | o.2u2 0.143 | 0.180 | 0.084 | 2.12 20
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Name

TABLE 2

Metallic-line Stars in the Coma Cluster

(B-v) °

¢

Trumpler No. (u-B) (B-v)c (U-B)c v vsini
62 8 Com 0.167 0.147 0.102 0.076 . 5.27 <2

68 HD 107168 0.177 0.09k% 0.170 | 0.087 6.67 95 -
82 HD 107513 0.275 0.026 | 0.275 | 0.026 | T.k2 50
139 . HD 108486 0.163 0.096 | 0.154 0.090 6.76 36
154 HD 108642 0.179 0,109 0.160 0.088 6.54 <2
145 HD 108651 0.207 0.088 0.195 0.078 6.65 <2
183 22 Com 0.108 | 0.096 | 0.080 6.29 8

0.068



TABLE 3

Metallic-line Stars in Pré.esepe

L2

Klein#gassink " HD No. B-V U-B. (B-v)c. (U-B)é v vsini
22k 73618 |  0.193 0.1k | 0.1%2 | 0.088 | 7.32 70
276 | 73711 0.160 0.131 0.115 0.082 7.5% | <k5
279 . 73709 0.201 0.153 | 0.1k2 0.088 7.70 <45
286 73730 . 0.190 f 0.127 | 0.152 | 0.090 | 8.02 U5’
350 - 73818 0.323 0.112 * | 0.260 | 0.045 | 8.71 80




TABLE L4

Determinations of the Constant

4]

Source of Estimate nx lO5
‘\Models of uniformly rotating stars. 0.2 - 0.3
Models of non-uniformly rotating stars:
(a) Slow rotators. | 1.65
(b) Rapid rotators. 1.35
Normal stars in Praesepe. 1.1
Am stars in the Hyades. 1.7
Am stars in the Coma cluster. 1.k

«20=




CAPTIONS FOR FIGURES

Fig. 1 Two-color diagram for the Am stars observed by Baschek and Oke and by

Fig. 2 Baschek and Oke's mean relation between ee

Fig.

Fig.

Fige.

Fig.

Fig.

s

Conti. The arrows show the corrections which must be applied to the

observed colors of each star in order to obtain the color correspond-

ing to effective temperature.

The mean line used to obtain corrected

. colors for other Am stars is also illustrated.

it

(filled circles) is shown by the solid line. The diagram illustrates

how the Am stars of Figure 2 depart from this relation.

Color-magnifude diagram for the Hyades cluster showing the effect of

correcting the colors of the Am stars. The solid line is the zero-age

msin sequence; the dashed line is the estimated zero-rotation main

sequence.

Two-color diagram for the Am stars in Praesepe and in the Coma cluster.

Color-magnitude diagram for the .Coma cluster showing the effect of

correcting the colors of the Am stars.

of normal stars and the dashed line is the estimated zero-rotation main

The solid line is the sequence

sequence. Stars 146 and 160 are Ap stars with small v sini.

" Color-magnitude diagram for Praesepe showing the effect of correcting

the colors of the Am stars.

rotation maln sequence.

The dashed line is the estimated zero-

Schematic color-magnitude diagram showing the effect of rotation. The

pole-on and equator-on .-main sequences for stars with given rotation

velocity v are the lines pp &and ee vrespectively.

Stars observed

at 0, will have masses corresponding to non-rotating main sequence

stars found at P and E according as they are seen pole=-on or

equator-on respectively.

and B-V for normal stars

v
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